Background-Whether increasing use of radial access has improved percutaneous coronary intervention outcomes remains unknown. We sought to determine the relationship between increasing facility-level use of transradial percutaneous coronary intervention (TRI) and periprocedural outcomes. Methods and Results-Within the National Cardiovascular Data Registry CathPCI Registry, we estimated the risk-adjusted association between hospital category of change in TRI use (during the 3-year period from 2009 to 2012) and trends in access site and overall bleeding, fluoroscopy time, and contrast use among 818 facilities with low baseline TRI use. There were 4 categories of hospital change in TRI use: very low (baseline, 0.2% increasing to 1.8% at the end of 3 years), low (0.9% increasing to 8.9%), moderate (1.6% increasing to 27.2%), and high (1.0% increasing to 45.1%). Risk-adjusted access site bleeding decreased over time for all hospital categories; however, the rate of decline varied across hospital categories (P for interaction, <0.001). The decrease in access site bleeding was significantly greater for hospitals with moderate or high increases in TRI use (relative risk, 0.45, 95% confidence interval, 0.36-0.56) when compared with that of very low or low hospitals (relative risk, 0.65; 95% confidence interval, 0.58-0.74; P for comparison, 0.002). Similar findings were observed for overall bleeding. An increase in fluoroscopy time (≈1.3 minutes) was noted at hospitals with moderate and high use of TRI (P=0.01). Trends in contrast use were similar across hospital categories. Conclusions-In a national sample of hospitals performing percutaneous coronary intervention, bleeding rates decreased over time for all hospital categories of change in TRI use. The decline in bleeding outcomes was larger at hospitals with increased adoption of TRI when compared with hospitals with minimal or no change in TRI use. (Circ Cardiovasc Qual Outcomes. 2014;7:550-559.)
B
leeding is a common complication after percutaneous coronary intervention (PCI) and is associated with increased morbidity, mortality, and costs of care. [1] [2] [3] [4] [5] In comparison with femoral access for PCI, several randomized trials have shown that radial access is associated with a reduced risk of periprocedural bleeding. 6, 7 Transradial access is also associated with shorter hospital stays, lower healthcare costs, and is a patient-preferred approach to PCI. [8] [9] [10] In light of these potential benefits, the use of radial access for PCI is increasing. [11] [12] [13] Whether increasing use of radial access has resulted in improved PCI outcomes in routine practice remains unknown.
During the transition to increased radial access use, it is possible that facility-level PCI outcomes could be compromised. For example, patients selected for transradial PCI (TRI) may be at lower risk of bleeding (eg, nonacute indications), 12 thus minimizing the benefit of radial access while increasing the apparent bleeding rate among patients undergoing femoral PCI. In addition, the benefits of TRI may be small during early adoption because of a procedural learning curve.
14 There are also concerns that greater use of TRI and the reduced risk of access site bleeding may lead to more liberal use of antithrombotic agents with a subsequent rise in nonaccess site bleeding. 15 Moreover, as sites perform an increasing proportion of their cases via radial access, fluoroscopy times may be longer, 12, 16 contrast use may be greater, 17 and there may be unintended negative consequences on femoral access management and complication rates, 18 raising concerns about safety tradeoffs with greater TRI use.
Examining facility-level outcomes during the transition to increased TRI use may inform the effect of this change in PCI practice on the outcomes of care; therefore, we sought to determine the relationship between facility-level trends of TRI use and rates of access site bleeding during a 3-year period in the CathPCI Registry. In secondary analyses, we evaluated the relationship between the change in facility use of TRI and overall bleeding given concerns that reductions in access site bleeding with TRI may occur at the expense of increasing rates of nonaccess site bleeding 15 in addition to other measures of PCI safety, including fluoroscopy time and contrast use.
Methods

Data Source
The CathPCI Registry is the largest ongoing registry of PCI in the United States, with ≥1400 participating centers. 19, 20 Data captured in CathPCI includes detailed patient and hospital characteristics, including procedural indication, angiographic findings, interventions, and outcomes based on prespecified data elements defined by National Cardiovascular Data Registry. Data quality assurance is achieved through automatic system validation and reporting of data completeness, education and training for site data managers, and random onsite auditing.
21
Study Population
We identified 1 876 758 PCI at 1382 hospitals that participated in CathPCI from July 2009 to June 2012. We excluded 6425 (0.3%) patients who died the same day as PCI and 869 (<0.1%) patients with missing data on the primary outcome of access site bleeding. We also excluded 462 (33.4%) facilities with missing quarters of participation in CathPCI or quarters of data that failed quality review during this time period and 13 (0.9%) facilities performing fewer than 50 PCIs annually to avoid inflation of variance because of small numbers. Because our primary interest was the change in facility-level PCI outcomes during the transition from low baseline rates of radial use to increased rates of use, we excluded 89 (6.5%) facilities with ≥10% radial use at baseline (ie, in year 1 of the study period). Our final analytic cohort included 818 hospitals that performed 1 438 516 PCI.
Change in Facility-Level Use of TRI
Our exposure of interest was the facility-level change in TRI use during the 3-year study period. To identify categories of hospital-level change in TRI use, we performed latent growth curve analysis with time modeled continuously across quarters. Latent class growth curve analysis is used to identify distinct subgroups of change across time. Each hospital is considered to have its own observed trajectory of TRI use that can be described using an estimated model. Hospitals can then be sorted into groups based on their estimated changes over time. Hospitals within each subgroup have similar changes across time and are, therefore, considered to be a latent class. Multiple models can be fit with differing numbers of latent classes, and each of these models can then be compared using the Bayesian Information Criteria and posterior probabilities of belonging to a latent class. The best model differentiates well between the identified groups and makes clinically meaningful sense while still fitting the data well based on Bayesian Information Criteria. We explored models with 3, 4, and 5 latent classes of change in TRI use. 22 We found the model with 4 categories fit the data well, provided adequate differentiation of hospital trends in TRI use and maintained reasonable sample sizes at the facility level. All outcomes are reported using this differentiation (see Data Supplement for comparison of model output).
Outcome Variables
The primary outcome was access site bleeding. Access site bleeding is defined by CathPCI data as external bleeding associated with a hemoglobin drop of ≥3 g/dL; transfusion of whole blood or packed red blood cells; or procedural intervention/surgery at the bleeding site to reverse/stop or correct the bleeding, an acute fall in hemoglobin >3 g/dL without other obvious source (eg, gastrointestinal, genitourinary, operative, or hemolysis) that is attributable to intraprocedural blood loss (eg, during equipment exchanges), or a hematoma with a diameter >10 cm for femoral PCIs, >5 cm for brachial PCIs, or >3 cm for TRIs. Our secondary outcomes included overall periprocedural bleeding, fluoroscopy time in minutes, contrast use in milliliters. Overall periprocedural bleeding is defined in CathPCI as a bleeding event occurring within 72 hours of the procedure that is associated with any of the following: hemoglobin drop of ≥3 g/dL, transfusion of whole blood or packed red blood cells, or procedural intervention/surgery at the bleeding site to reverse/stop or correct the bleeding. In the analysis of fluoroscopy time, we excluded 16 753 (1.2%) patients without a fluoroscopy time reported. In the analysis of contrast use, we excluded 18 450 (1.3%) patients with missing or extreme values (the highest and lowest 0.5% of reported contrast use) to avoid the inclusion of potentially erroneous outcome data in our analyses. Finally, we evaluated in-hospital mortality rates in exploratory analyses.
Statistical Analysis
We compared patient characteristics (demographics, risk factors and comorbid conditions, symptoms, clinical presentation, and predicted bleeding risk from CathPCI models) 23 and hospital-level characteristics (location, type, teaching status, and annual PCI volume) across categories of hospital change in TRI use identified from latent growth curve analysis as described above. Comparisons of patient characteristics were completed using ANOVA for continuous variables and χ 2 test for categorical variables. Hospital characteristics were compared using Kruskal-Wallis test for non-normally distributed continuous variables (eg, annual PCI volume and hospital bed size) and χ 2 test for categorical variables.
WHAT IS KNOWN
• Bleeding is a common complication after percutaneous coronary intervention (PCI), is associated with poor outcomes, and is potentially modifiable through the use of radial access for the procedure.
• The use of radial access for PCI is increasing, but it remains unknown whether increasing use of radial access has resulted in improved PCI outcomes in routine practice.
WHAT THE STUDY ADDS
• In a national sample of 818 PCI hospitals with low baseline use of transradial PCI (TRI), 1 in 5 hospitals increased their use of TRI from ≈1% to >25% during a 3-year period of observation.
• Risk-adjusted access site and overall bleeding decreased over time for all hospitals, regardless of increase in TRI use.
• The temporal decline in bleeding outcomes was larger at hospitals with increased adoption of TRI relative to hospitals with little or no change in TRI use.
To evaluate the relationship of hospital change in TRI use with trends in access site bleeding, we modeled the outcome of access site bleed across time by the 4 categories of hospital change in TRI use. Generalized Estimating Equations assuming a Poisson distribution and a log link with autoregressive-1 working correlation matrix were used to adjust for clustering within facilities and time with adjustment for bleeding risk which was estimated using the CathPCI bleeding risk model. 23 In secondary analyses, we also adjusted for antithrombotic strategies (heparin, bivalirudin, or glycoprotein IIb/IIIa inhibitor use) and use of vascular closure devices for patients undergoing PCI via femoral access. For each model, we estimated the risk of an access bleed at each quarter of time for each category of TRI use. We repeated this methodology for determining the association between hospital change in TRI use and trends in overall bleeding rates. We report observed in-hospital mortality rates by hospital category.
For our secondary outcomes of fluoroscopy time and contrast use, we again used Generalized Estimating Equation models to determine the relationship with hospital change in TRI use. Fluoroscopy time was determined to be log-normal and thus a log linear Generalized Estimating Equation model was used. Contrast volume was modeled using a normal linear model. In risk-adjusted analysis of fluoroscopy time and contrast use outcomes, we selected covariates in addition to the model based on clinical reasoning and previous studies. 24, 25 These risk-adjusted models included covariates for demographics (age, sex, race/ethnicity), coronary artery disease risk factors (diabetes mellitus, hypertension, and dyslipidemia), coronary artery disease history (previous PCI, previous coronary artery bypass graft surgery, and previous myocardial infarction), other comorbidities and clinical characteristics (congestive heart failure, cerebrovascular disease, peripheral vascular disease, renal failure, and body mass index), coronary artery disease presentation (ST-segment-elevation myocardial infarction, non-ST-segment-elevation myocardial infarction or unstable angina, and nonacute coronary syndrome), and PCI characteristics (number of lesions intervened on, lesion characteristics [complex {class C} lesion, bifurcation lesion, and chronic total occlusion], lesion location [native coronary bypass graft], intra-aortic balloon pump, or any other mechanical support inserted or any intracoronary device used [atherectomy, thrombectomy, and laser]). For each model, we estimated the outcome at each quarter of time for each category of PCI use.
To summarize access site and overall bleeding trends from our models, we report the relative risk (RR) of a bleeding outcome in the last quarter of study when compared with the first quarter by hospital category of change in TRI use. We determined whether trends in bleeding outcomes were different by hospital category by test of interaction (hospital group by time). We then compared the RRs summarizing bleeding trends across hospital categories to describe differences in bleeding trends further. For trends in fluoroscopy time, we report the relative change in geometric mean fluoroscopy time for an average patient in the last quarter of study when compared with the first quarter. We determined whether trends in fluoroscopy time were different by hospital category by test of interaction (hospital group by time) and then compared the change in geometric mean fluoroscopy times across categories of hospital change in TRI use. For contrast use, we report the difference in contrast volume for an average patient in the last quarter of study when compared with the first quarter. We determined whether trends in contrast use were different by hospital category by test of interaction (hospital group by time) and then compared the difference in differences of contrast volume across hospital categories of TRI use. All statistical analyses were performed at Yale Center for Outcomes Research and Evaluation with SAS version 9.3 (SAS Institute, Cary, NC) and evaluated at a significance level of 0.05. Waiver of written informed consent and authorization for this study was granted by Chesapeake Research Review Incorporated.
Results
Hospital Change in TRI Use
Categories of hospital change in TRI use identified from latent class growth analysis are shown in Figure 1 . We observed 327 (40.0%) hospitals with a very low increase in TRI use, with a baseline median TRI rate of 0.2% and a TRI rate of 1.8% in the last quarter of study. A low increase in TRI use was observed at 314 (38.4%) hospitals, with a baseline median TRI rate of 0.9% increasing to a median of 8.9%. A moderate increase in TRI use was observed at 136 (16.6%) hospitals, with an increase from 1.6% at baseline to 27.2%. A high rate of increase in TRI use was seen at only 41 (5.0%) hospitals, with a change in TRI rates from 1.0% at baseline to 45.1% by the end of the observation period.
Patient and Hospital Characteristics
The comparison of patient characteristics by hospital category of change in TRI use was statistically significant for all characteristics given our large sample size, but these differences were clinically modest ( Table 1) . As determined from Cath-PCI bleeding risk models, patients' predicted bleeding risk was similar across hospital categories of change in TRI use at baseline (predicted bleeding among all patients undergoing PCI from lowest to highest hospital category of TRI increase, 5.7% versus 5.5% versus 5.7% versus 5.5%) and at the end of 3 years (6.3% versus 6.0% versus 6.4% versus 5.9%). Baseline predicted bleeding risk across hospital categories was also similar among patients undergoing TRI (4.2% versus 4.0% versus 4.3% versus 4.4%) and femoral PCI (5.7% versus 5.5% versus 5.7% versus 5.6%). At the end of 3 years, predicted bleeding risk among patients undergoing TRI was similar across hospital categories (4.2% versus 4.1% versus 4.4% versus 4.3%), whereas predicted bleeding risk among patients undergoing femoral PCI seemed slightly higher at hospitals with higher use of TRI (6.3% versus 6.2% versus 7.0% versus 7.4%). Baseline use of bivalirudin was similar across hospital categories (48% versus 55% versus 52% versus 52%) while use at the end of 3 years was lower in hospitals with a larger increase in TRI use (62% versus 67% versus 63% versus 54%). The use of glycoprotein IIb/IIIa inhibitors decreased during the study period, and rates of use were similar across hospitals at baseline (28% versus 25% versus 29% versus 22%) and at (Table 1) . Exploratory analyses of observed mortality rates at baseline and at end of observation were also similar across hospitals (Data Supplement).
Bleeding Outcomes
Observed rates of access site bleeding decreased over time across all categories of TRI change (Figure 2A ; Data Supplement). The risk-adjusted trend in access site bleeding (as determined by RR of bleeding in the last quarter of observation when compared with the first quarter) decreased for all hospital categories, and trends in access site bleeding were different across hospital categories (P for interaction, <0.001; Table 2 ). When compared with hospitals with very low or low increase in the use of TRI, the decline in risk-adjusted access site bleeding trends was significantly greater at hospitals with moderate or high increase in the use of TRI (RR, 0.45; 95% confidence interval [CI], 0.36-0.56 versus RR, 0.65; 95% CI, 0.58-0.74; P for comparison, 0.002). Similar results were observed in secondary analyses that adjusted for antithrombotic strategy and the use of vascular closure devices in addition to bleeding risk (Table 2) . Observed overall bleeding rates also decreased over time for all categories of change in TRI use ( Figure 2B ; Data Supplement). Risk-adjusted modeling demonstrated declines in overall bleeding for all hospital categories of change in TRI use with trends in overall bleeding differing across hospital categories (P for interaction, <0.001; Table 2 ). When compared with hospitals with very low or low increase in the use of TRI, the decline in risk-adjusted overall bleeding over time was greater at hospitals with moderate or high increase in the use of TRI (RR, 0.51; 95% CI, 0.43-0.61 versus RR, 0.69; 95% CI, 0.63-0.74; P for comparison, 0.002). Similar results were observed in secondary analyses that adjusted for antithrombotic strategy and the use of vascular closure devices in addition to bleeding risk (Table 2) . Trends in risk-adjusted access site and overall bleeding by hospital category of change in TRI use are also shown in Figure 3A and 3B.
Fluoroscopy Time
Observed fluoroscopy times did not change at facilities with very low change in TRI use, whereas fluoroscopy times at facilities with increasing use of TRI increased by ≈1 minute ( Figure 2C ; Data Supplement). In the risk-adjusted model, trends in fluoroscopy time were different across hospital categories (P for interaction, 0.01) with an increasing trend in fluoroscopy time at hospitals with moderate or high change in the use of TRI (Table 3) . When compared with hospitals with very low or low increase in the use of TRI, fluoroscopy times increased over time at hospitals with moderate or high increases in the use of TRI (1.3 minutes: 95% CI, 0.5-2.2 minutes versus 0.2 minutes: 95% CI, 0.1-to 0.4 minutes; P for comparison, 0.01). Trends in risk-adjusted fluoroscopy time by hospital category of change in TRI use are also shown in Figure 3C .
Contrast Use
Observed contrast use decreased over time for all hospital categories of change in TRI use ( Figure 2D ; Data Supplement). The decreasing trends in risk-adjusted contrast volume were ACS indicates acute coronary syndrome; BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; IQR, interquartile range; MI, myocardial infarction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; STEMI, ST-segment-elevation myocardial infarction; and TRI, transradial PCI. Table 3 ). Trends in risk-adjusted contrast use by hospital category of change in TRI use are shown in Figure 3D .
Discussion
We sought to determine the relationship between increasing hospital use of TRI and trends in periprocedural outcomes during a 3-year period. In a national sample of 818 hospitals with low baseline use of TRI, ≈40% of hospitals continued to use TRI in fewer than 2% of patients, whereas another 40% of hospitals increased use of TRI to ≈9% by the end of 3 years. Just ≥15% of hospitals had a moderate increase in TRI use to slightly ≥25% and only 5% achieved high rates of TRI use that approached 50%. Although rates of access site bleeding decreased over time across all categories of hospital change in TRI use, the risk-adjusted decrease in access site bleeding was 55% ≥3 years at hospitals with moderate to high increases in TRI use when compared with 35% at hospitals with very low to low TRI use. Analysis of overall bleeding rates demonstrated similar findings. Hospitals with increasing TRI use were associated with an increasing trend in fluoroscopy time relative to hospitals with little to no change in TRI use, and trends in contrast use were similar across all hospital categories. Our findings suggest that facilities transitioning to greater use of TRI are achieving larger reductions in periprocedural bleeding than facilities that continue to use a predominantly femoral approach for PCI. Although the potential benefits of TRI have not been demonstrated in all studies, 26 TRI has been shown to improve patient outcomes in several randomized controlled trials. 6, 7 However, the benefits of therapies demonstrated in highly controlled clinical trials can be lost when applied to routine clinical practice. This may be particularly true for TRI given evidence of a learning curve that may result in diminished benefit during early adoption. 14, 27 Although several observational studies have subsequently added to the weight of trial evidence suggesting the benefits of TRI, observational studies of TRI at the patient-level are subject to selection bias. [11] [12] [13] For example, as operators adopt TRI they may feel more comfortable proceeding with radial access in patients at lower bleeding risk (eg, nonacute indications). Finally, increased use of radial access may have unintended consequences on the management and complication rates of patients undergoing femoral PCI. 18 As a result, it has remained unclear if increasing use of TRI in routine practice has resulted in better overall PCI outcomes.
In the present study, we evaluated temporal trends in hospital-level outcomes in relation to changing hospital-level patterns in the use of TRI. This approach has major strengths in ascertaining the effect of TRI adoption on overall practice outcomes. First, all patient outcomes are attributed to a facility, regardless of whether the patient underwent PCI via radial or femoral access. As a result, if facilities select patients with lower bleeding risk for TRI, the effect on facility-level outcomes is balanced by the higher risk among the remaining patients undergoing femoral PCI. Second, our approach allows for the comparison of trends in bleeding outcomes among facilities with increasing use of TRI relative to baseline secular trends. A previous study found a decreasing temporal trend in bleeding complications after PCI that was largely attributable to changes in antithrombotic strategies. 28 The present study suggests that bleeding complication rates have continued to decline in recent years and may reflect the continued changes in antithrombotic strategies, with greater use of bivalirudin and less use of glycoprotein IIb/IIIa inhibitors. However, the decline in bleeding outcomes was more marked at hospitals with increased adoption of TRI when compared with those with minimal or no change in TRI use, even after accounting for antithrombotic strategies and the use of vascular closure devices.
Previous studies have shown that the use of TRI is associated with longer fluoroscopy time. 16 Consistent with these previous studies, we observed an increase in fluoroscopy times at hospitals with increasing use of TRI. The relative change in fluoroscopy times at hospitals with increasing TRI use was modest (≈1 minute) but likely reflects increased use of fluoroscopy to guide operators through upper extremity vessels or during coronary artery cannulation. As much of the radiation exposure in the setting of PCI occurs from cine-angiography, it is unclear whether this increase in fluoroscopy time reflects significant differences in radiation dose and subsequent risk of adverse patient outcomes. In comparison, the volume of contrast used during PCI has been directly correlated with patient outcomes, such as acute kidney injury. 29, 30 We observed no differences in contrast use trends across hospital categories of change in TRI use. The present study should be considered in the context of potential limitations. First, our study is an observational design and we cannot exclude unmeasured confounding, despite our application of risk-adjustment using covariates from contemporary models. Importantly, strategies other than radial access may contribute to declines in PCI bleeding rates as suggested by previous analyses of temporal bleeding trends in relation to changes in antithrombotic strategies. 28 However, our secondary analyses that adjusted for antithrombotic strategies and the use of vascular closure devices continued to demonstrate a greater decline in bleeding outcomes at hospitals with greater use of TRI. Second, our analysis did not evaluate facilities with established high rates of radial use. As we sought to determine the effect of facilities changing to radial access on PCI outcomes during the period of transition, we excluded facilities with established high rates of TRI use. Additional study may inform whether persistently high radial use results in additional improvements in patient outcomes. Third, our analysis does not account for the potential effect of transferred patients where there may be greater use of femoral access and risk of bleeding. Fourth, our analysis excluded facilities with low annual PCI volumes to minimize instability in estimates related to inadequate sample size. As a result, our findings may not be generalizable to hospitals with low PCI volumes. Fifth, we are unable to comment on the effect of increasing TRI use on procedural success by access site because of lack of data on access site crossover. We also lack data on rates of readmission and long-term mortality. Finally, our study does not account for potentially important structural aspects of hospitals transitioning to TRI that may contribute to declines in bleeding rates (eg, organizational values and goals, senior management involvement, and broad staff presence). 31 Evaluation of these structural aspects in relation to uptake of TRI and resultant improvements in outcomes are an area for future research.
In conclusion, in this large national sample of PCI hospitals, we found that the facility-level temporal decline in bleeding outcomes was greatest at hospitals with moderate to high increases in TRI use. Temporal trends in contrast use were similar across hospital categories of change in TRI use, whereas fluoroscopy time was modestly higher at facilities with increasing use of TRI. Our findings suggest that facilities changing to greater use of TRI are associated with larger reductions in periprocedural bleeding than facilities that have not adopted a radial approach.
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